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Modeling the Stress State Dependency of the Bond
Behavior of FRP Tendons

James V. Cox and Jun Guo

Synopsis: The bond behavior of carbon FRP tendons for concrete is characterized
with an interface model. In particular tendons with a surface structure that produce
significant mechanical interlocking with the adjacent concrete are considered. This
type of mechanical interaction can produce damage in the adjacent concrete and
within the surface structure of the reinforcing element. The combination of these
mechanisms is characterized with an elastoplasticity model that fully couplesthe
longitudinal and radial response; the model calibration is based upon a series of
bond tests under differing stress states. The model does not provide a detailed
description of the underlying mechanics associated with the progressive bond
failure, and it will generadly require recalibration when applied to significantly
different FRP bars or tendons. However, using a calibration for a GFRP bar, the
model gives acceptable estimates of the bond strength for several tests of a
particular CFRP tendon, even though the specimens have significantly different
attributes. Additional validation tests (using data with measures of the experimental
scatter) are needed to define the predictive limits of the model; nonetheless the
transfer length problem further demonstrates the potential application of the model
to help predict and understand the behavior of FRP-reinforced structural
components.
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INTRODUCTION

The need for infrastructure renewal and the potential advantages of composite
materials (e.g., improved life cycle costs) has led to increased interest in applying
composite materials to civil engineering structures. One application isto use fiber-
reinforced polymer (FRP) reinforcing bars and tendons for concrete, as alternatives
to steel reinforcement. The resistance of FRP reinforcement to environmental
elements, high strength/weight ratio, and electromagnetic neutrality are among the
motivations for this application. There have been many tests on the mechanical
behavior of FRP-reinforced concrete to establish the potential of FRP reinforcement
in design (see e.g., Nanni (1) and the previous FRPCS Symposia Proceedings),
but the analysis of FRP-reinforced concrete has received |less attention.

Modeing the behavior of FRP-reinforced concrete requires models for the
congtitutive behavior of concrete and FRP and a model for their interaction
(commonly called bond). Reinforcement is often designed to prevent and/or bridge
cracks that occur in the concrete. As such, bond behavior is important in
determining the nature of localized failures and the amount of energy dissipated by
reinforced concrete components. For smooth reinforcing elements, adhesion and
friction are the key mechanisms that affect the bond behavior. The frictiona
behavior is affected by “misfit stresses’ (e.g., due to concrete curing) and
Poisson’s effect. The bond failurein this case consists of the initiation of an
interfacial crack, propagation of the crack, and subsequent “frictional smoothing” of
the asperities along the crack surface.

This study focuses on the modeling of bond for carbon FRP (CFRP) tendons that
have a significant surface structure (e.g., ribs). For this case, adhesion breaks
down relatively early in the bond response and by design has only a secondary
contribution to bond strength. The dominant mechanism for force transfer is the
subsequent mechanical interlocking of the reinforcement’ s surface structure with the
adjacent concrete. The importance of this component is demonstrated by the
racheting type behavior that has occurred in some pull-out tests subjected to long
dips (see e.g., ref. (2)). Under increased monotonic loading the mechanica
interlocking can produce: transverse and longitudina cracking in the concrete,
crushing near the contact areas, and shearing with possible mode |1 cracking in the
surface structure of the FRP reinforcement and/or concrete. Combined, these local
failures can lead to a progressive bond failure. The contribution of each failure
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mechanism depends upon several factors, including the stress "Member-scale"
state in the damaged region near the interface — the so called
bond zone. Thus some mechanisms (e.g., transverse
cracking) that are important to the bond behavior of steel bars,
may be less important for some FRP bars and tendons. Some
researchers have partially attributed this difference to the shape
and relative compliance of the FRP reinforcement’s surface "Bar-scale”
structure.

Bond has been numerically modeled and characterized at |
several scales.  Figure 1 depicts three scales of spatial
discretization used in modeling bond (3,4). At a reatively
large scale — the member-scale, each reinforcing eement is  "Rip-scale”
treated as a one-dimensona bar eement and bond is

characterized by abond stress-dlip relationship. The member /%

scale can alow readlistic structural problems to be addressed,

but this scale also has limitations, e.g., it is too coarse to

predict some behaviors such as the propagation of longitudinal

cracks to a free surface (which essentidly eliminates bond Figyre 1. Scales
strength). At amuch smaller scale —the rib-scale, the bar and ~ of hond analysis
its surface structure are often explicitly modeled. Rib-scale
analyses are very important toward understanding aspects of the underlying
mechanics of bond, but generaly the simplifying assumptions made limit the
models to qualitative evaluations. A scale of compromise — the bar-scale — treats the
bar and concrete as continua and models the interaction between them without
explicitly modeling the surface structure of the bar. This type of model has a
phenomenological nature, but potentially it can be used to model the behavior of
structural components while including important failure mechanisms such as
longitudinal cracking of the concrete adjacent to the bars.

For steel bars, there have been several bond models proposed at each of the above
scales, but only afew models have been proposed for FRP bars. Asfor steel bars,
the first bond models for FRP bars have addressed the member scale; see e.g., the
models of Faoro (5), Malvar (6), Alunno et al. (7), and Cosenza et al. (8). Faoro
(5), and Alunno et al. (7) applied the model of Eligehausen et al. (9) which was
originally developed for steel bars, and Cosenza et al. (8) modified the ascending
component of the model. These models relate average bond stress to dlip and were
derived from curve fitsto asingle data set. Thus member-scale models generally
have two important limitations. (1) they will only predict bond response in
structures having a stress history similar to the original specimen, and (2) they can
not predict longitudinal cracking in the adjacent concrete. A few rib-scale models
have also been proposed. Yonezawa et al. (10) presented a rib-scale parameter
study apparently idealizing the materials as linear elastic. Boothby et al. (11)
presented a rib-scale analysis of abond specimen having an FRP bar with asingle
rib. The FRP was modeled with an eastoplastic model using a modified Hill
criterion, and the concrete was also modeled using an elastoplastic model. Bakis et
al. (12) adopted asimplified rib-scale model that characterizes the shear behavior of
individual ribs with an “elastic-linear softening spring model.” The particular bars
were designed to fail the ribsin shear.

This study addresses the characterization of bond behavior of FRP tendons at the
bar-scale. A bond model that was originally developed for steel bars (3,4) was
recently applied to the bond of FRP bars (13). The model provides a macroscopic
characterization of the bond behavior within the mathematical framework of
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elastoplasticity theory. The initial application of the bar-scale model to FRP bars
and tendons does not incorporate physical parameters related to congtitutive
behavior of the FRP, thus we anticipated that the model would have to be
recalibrated for reinforcement having “significantly different surface structures.”
Previous results for FRP bars showed that the bond strength of different specimens
could be predicted with acceptable accuracy when the bond model was incorporated
into afinite element (FE) model of each specimen. In this paper, we examine the
application of the model to predicting the bond strength and transfer length of
CFRP tendons.

The next section of this paper presents a brief overview of the elastoplastic bond
model with the calibration parameters for a particular FRP bar (13). Section three
presents the calibration and vaidation results, and the last section presents the
conclusions.

BOND MODEL

There are several underlying assumptions associated with bar-scale models (4) that
for brevity are not discussed here. One common idealization adopted here is that
the interaction can be characterized by an interface model where the reinforcing
element is modeled as a cylindrical solid. This requires the effects of the
mechanical interaction (e.g., the “wedging effect” of the surface structure) to be
represented in the interface model formulation. Another assumption is that the
interface traction can be homogenized to yield a continuous traction distribution.
By not explicitly modeling the surface structure of the reinforcement, the model can
be potentially applied to larger scale problems (e.g., to model the progressive
failure of a structural component), but it will not provide details on the failure of the
mechanical interlocking (e.g., failure of the FRP surface structure versus failure of
the adjacent concrete). Another idealization used to simplify the analysesisthat the
interface behavior can be treated as axisymmetric.

The interface model relates the components of the interface traction to the
components of the relative interface displacement. The use of elastoplasticity asa
mathematical framework for the model was originally motivated by the classicd
elastoplastic behavior of many early bond specimens (see e.g., ref. (9)). The
model is defined by the generalized stresses and strains, internal variables, yield
criterion, elastic moduli, and flow rule.

The generdized stresses (Q) are the tangent and normal components of the interface
traction, T and o respectively. tisreferred to asthe bond stress, and - o will be
referred to as the confinement stress. (o is positive in tension.) The generalized
strains (q) are defined as the tangent (6,) and normal (9,) displacements of the
concrete surface measured relative to the bar surface and nondimensionalized by the
bar diameter (D,); i.e., q' = (8/D,, §,/D,). For monotonic loading, the evolutions
of the yield surface and flow rule are characterized by a single measure of the
interna state, the bond zone “ damage”’ which is defined as

d = min(6|/s .3 (1)

where 8, isthe plastic slip and s, is a characteristic length of the surface structure
(e.g., therib spacing). The terminology “damage” indicatesthat d is a measure of
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function; a,~a model parameter with a Figure 2. Yield surface vs. exp. data.
calibration value of 0.75.

The calibration of the model for this study was obtained via simplified analyses of
the experimental results of Malvar (6) for his“type d” GFRP bars; additional details
on the calibration (including some discussion on the effects and physical meaning
of selected model parameters) are given in ref. (13). We originally anticipated that
the model would only reproduce experimental results accurately when the
calibration and validation specimens had “similar concrete strengths’ and bars with
“gdmilar surface structures.” However the range of applicability of a given
calibration is not known.

The Mavar experiments are useful for formulating and cdibrating
phenomenologica models because they provide data at different stress states.
(Some data for the specimen are givenin Table 1.) The FRP bar is centered in a
small concrete cylinder that is cast inside of a dotted pipe. The pipe is later
enclosed in a circumferential band that has two purposes. (1) to apply uniform
normal tractions to the outer surface of the specimen and (2) to measure the change
in circumference which is then used to calculate the radial dilation of the interface.
The slotted pipe apparatus is loaded under displacement control, while a hydraulic
clamp is used to apply constant confining pressure. Malvar’stests were conducted
in sets of five: one specimen at each confinement pressure (500, 1500, 2500, 3500,
and 4500 psi; i.e., 3.45, 10.3, 17.2, 24.1, and 31.0 MPd). The reported
confinement pressures are the average values of -o that would occur if the concrete
did not carry hoop stress. To “uncouple”’ the bond behavior from the concrete
splitting response the specimens were “pre-loaded” to split the concrete prior to
performing the bond tests. The disadvantage to this approach is that the initia
extent of damage in the bar surface structure and concrete was unknown.

Figure 2 shows how the yield surface model fits the experimental datafor afew
given states of interface damage. Additional details of the calibration procedure and
physical interpretation of model parameters are given in ref. (4). For small values
of d, Cinitially opens the surface (the hardening phase) and then subsequently
closes the surface (the softening phase) representing the progressive failure of the
mechanical interlocking. o rapidly translates the yield surface to the origin of the
stress-space, which for some reinforcement partially characterizes the change in
contact conditions at low confinement stresses.

The strains are additively decomposed into elastic (q°) and plastic (g°) components.

The relationship between stresses (Q) and elastic strains (q°) is assumed to have the
linear form: Q = D°® g° where the elastic moduli are defined as
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E. is Young's modulus of the concrete, and k, k,, and k, are model parameters. k,
is obtained by calibrating the model to accurately represent the initial elastic bond
stress-slip response. k; and k, define the radial elastic response, which is very
important in the prediction of longitudinal cracking. When k, is nonzero, the elastic
response depends upon the plastic dilation (elastoplastic coupling). This aspect of
the model is defined to characterize the effect of changing contact conditions along
the interface upon the effective éastic modulus associated with the interface.
Closed form analytical results for an idealized case that show how the effective
elastic modulus changes with traction distribution are given in ref. (14). The
caibrated parameters used in this study are: k, = 10, k,; = 0.034, and k, = 27.

The kinematic effects of the wedging action between the bar’ s surface structure and
the adjacent concrete is accounted for in the bar-scale model by the flow rule. The
flow rule determines the extent of radial dilation at the interface which produces
hoop stress in the adjacent concrete. The adopted form of the flow rule is given by

o _ - 1590(7)
=\ 4
=M o,y @ i
where A denotes the consistency g g
parameter. To obtan an

approximation for g, limited data 0.06[f
presenting radial dilation versus dip o '
(6) were analyzed. Aswiththeyield 0.04
surface evolution, g is assumed to be \c.
only dependent upon -c and d. The  0-02[ & ]
model approximation of gisshownin : S A P
Figure 3. The function g quantifies 0 02 04 06 08 1
the rate of plastic radial dilation with d

respect to plastic slip. Thereforethe Figure 3. Flow rule

area under each curvein Figure 3is

proportional to the maximum radial dilation that would occur for a constant value of
0. These datareflect a key behavior that a model of this type must quantify to
predict both the bond stress-dlip behavior and potentia splitting failures: radia
dilation decreases with an increase in the confinement stress.

The coupling of the longitudina and radia responses both in terms of the
progressive failure and kinematics distinguishes this approach from member scale
models because this type of model: (1) actively contributes to the stress state near
the bar through the radial dilation and thus can produce longitudinal cracking in the
adjacent concrete; and (2) stress state dependency of the model can potentially allow
the model to be applied to awider range of specimens without recalibration.

CALIBRATION AND VALIDATION RESULTS

This section presents calibration and validation results for the model. The emphasis
of this paper is upon applying the model to predict the bond strength and transfer
lengths of CFRP tendons. To validate the model over awide range of testsa CFRP
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tendon was selected for which several experimental studies are reported in the
literature — the CFCC (carbon fiber composite cable) devel oped by the Tokyo Rope
and Toho Rayon companies. Thistendon consists of seven CFRP rods, six of
which are helically wrapped around a central rod. Each individual rod consists of
carbon fibersin an epoxy matrix wrapped within a protective carbon fiber covering.

Two general types of validation problems are considered: pull-out tests and transfer
length tests, with the emphasis on the former. Some general data for the calibration
and validation specimens are presented in Table 1. Note in particular that for the
pull-out tests there is awide variation in specimen attributes. the embedment (or
bond) lengths vary from about 3D, to about 14D,, the bar diameters vary by a
factor of about 2.5, and the concrete strengths vary by afactor of about 2.

An inherent difficulty in characterizing bond behavior is that it can not be
experimentally isolated; it is integraly tied to the bond specimen, since it is a
structural response. Thus, to simulate the response of a given test requires a model
of the bond specimen. The specimens were modeled using axisymmetric finite
elements. For the transfer length specimen the diameter was defined so that the
cross-sectional area of the concrete remained the same as the square section.

The concrete was modeled as an isotropic e€lastic material until the hoop stress
reached the tensile strength. When the concrete tensile strength was unknown, it
was estimated by the empirical relationship f, = 0. 3f,*®* MPa, where f, is the
characteristic compressive strength in MPa (see ref. (17)) Longitudina cracks
were incorporated into the models by adopting a“smeared crack” approach in the
hoop direction; i.e., the effective strain in the hoop direction was the sum of the
strain in the bulk material and the smeared effect of the opening of longitudinal

cracks. The number of longitudinal cracks was pre-defined, and these cracks were
assumed to evolve concurrently separating the concrete in the cracked region into
equal size sectors. This axisymmetric idedlization to incorporate the effects of
longitudinal cracking in the FE modeling follows the approach of Rots (18). Each
crack isidealized as being planar with a process zone of infinitesimal thickness and
finite length. The process zone in the plane of the crack (commonly referred to as
the cohesive crack (20)) represents the effects of crack bridging by the aggregates.

The behavior of the process zoneis characterlzed by the following traction—crack
opening relationship: o, = f,(1.0- W*) where W is the ratio of the opening
displacement of the cohesive crack and the critical crack opening (i.e., the minimum

Table 1. Test specimen datafor CFCC tendons.

Specimen Size| Bar Bond | Concrete
Experiments (L" D or | Diameter| Length| Strength
L" W H) D, L, .
(mm) (mm) | (mm) (MPa)
Calibration test
Malvar (6) | 102276 [ 19 | 66.7] 29.1
Validation pull-out tests
Tepferset al. (15) 48 114 12.5 48 47.3
Tepferset al. (15) 200" 200" 200| 12.5 45 44.4
Tokyo Rope (16) 150" 100" 100| 12.5 150 47.6
Benmokrane & Chennouf (2) 150" 57 7.3 100 61.6
Validation transfer length test
Tepferset al. (15) | 2000070°70 [ 125 [2000 | 39.4
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Figure 5. Bond model calibration results for c=—1500 psi (10.3 MPa).

crack opening, w,, for which there is no traction across the crack), f, isthe tensile
strength of the concrete, and k isamodel parameter. For the validation problems
presented here, k = 0.248 and w,, is selected so that the model reproduces the
estimated fracture energy. The fracture energy and Young's modulus for most
concrete specimens was estimated from the empirical relations given in CEB (17).

The CFCC tendon was idealized as atransversely isotropic solid with the elastic
constants estimated using the approximate formula of Hashin (1983).

Calibration Results

The calibration is based upon the experimental data of Malvar (5) for a GFRP bar
that has a helical indentation (type d). They are significantly different than the
CFCC tendons considered in this study, so initially these calibration results were
not anticipated to be adequate for predicting the bond behavior of the CFCC
tendons. However, experimental data for the CFCC tendons that address the bond
response dependency upon the stress state in the concrete are not yet available, so
these calibration data were considered to be afirst estimate of the bond behavior that
would need refinement. The validation results that follow show that the model
gives acceptabl e predictions without additional refinement of the calibration.

One of the calibration resultsis shown in Figure 5. This particular calibration result
(see Table 2) isfor 0=-1500 psi. Theradia dilation for these tests indicates the
tendency for the mechanical interlocking to produce longitudinal cracking. The
magnitudes of the radial dilation at various levels of confinement stress are very
similar to the experimental values observed for steel bars of the same diameter (21).
For 6=-1500 psi theradial dilation for a steel bar was 0.22 mm.

Validation Results

Most of the validation tests considered are pull-out tests. Comparisons of
experimental and numerically predicted bond strengths are shown in Table 2. The
model is also used to predict the transfer length for a particular test.
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Table 2. Validation results for CFCC tendon pull-out tests.

Specimen Size | Concrete Maximum Bond Stress
Experiments (D'L or Strength (MPa)
LW H) f.
(mm) (MPaQ) Test | Model | Difference
Calibration test
Malvar (6) 102" 76 29.1
500 psi 3.83 4.19 9%
1500 psi 7.40 6.68| 10%
2500 psi 10.42 9.37| 10%
3500 psi 12.07| 11.95( 1%
4500 ps 13.47| 14.38 7%
Validation tests
Tepferset al. (15) 48 114 47.3 9.46 9.20 3%
Tepferset al. (15) 200" 200" 200 | 44.4
min @ slip 0.6 mm 105
max @ slip 0.6 mm 12.7
avg @ dlip 0.6 mm 11.6 10.6 9%
Tokyo Rope (16) 150" 100" 100 | 47.6
monotonic loading 7.22 6.51| 10%
cyclic-mono. loading 6.86 6.51 5%
Benmokrane & 150" 57 61.6 10.8 12.6 16 %
Chennouf (2)

Thefirst validation test considered isthe “ring test” of Tepferset al. (15). For these
tests the concrete is cast within a stedl ring that is strain gauged to measure the hoop
strain. The hoop strain provides a measure of the “splitting tendency of each
tendon.” Figure 6 shows a FEM model of the specimen (which is representative of
those used in this study).

Figure 7 shows the comparison of the experimental data and model predictions.
The agreement between the two responses is excellent. While the extent of
experimental scatter that would occur with multiple tests is unknown, previous ring
tests for steel bars exhibited relatively little scatter. It appears that both theinitial

stiffness and bond strength would be predicted
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Figure 6. Specimen model of end slip (mm)
the Tepfer et al. ring test. Figure7. Tepferset al. ring test: exp. vs. model.
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Figure 8. Transfer length tests of Tepfers et al.. experiment vs. model.

accurately. The maximum bond stressis not provided, so the comparison shown in
Table 2 appliesto the bond stress at adip of 0.15 mm.

The second pull-out test considered is also presented by Tepfers et a.. This
specimen is cubic in shape. The bond strength and initial stiffness (though not
shown here) are again predicted with acceptable accuracy. The bond strengthis
predicted within about 9 percent of the “average value.”

The third pull-out test is based upon data provided by the Tokyo Rope
Manufacturing Company (16). The specimen diameter for the model was 100 mm.
Two experimental results are given: one for the case of simple monotonic loading,
and the second for a monotonic test that occurred after ten load cycles to atendon
force of 34.3 kN. The bond model presented here is only applicable to monotonic
loading, but the comparison to both experimental values (Table 2) is shown to be of
acceptable accuracy.

The last pull-out test addresses a study by Benmokrane and Chennouf (2) for
examining the behavior of cement grouted anchors. The experimental result shown
here is for a CFCC tendon with a nominal diameter of 7.5 mm. The grout was a
plain grout (CG1) made from ASTM Type | Portland cement. The grout was cast
within a57 mm inner diameter steel tube with awall thickness of 3 mm. Table 2
shows that the model over-estimated the maximum bond strength of the experiment
by about 16 percent.

Lastly, a transfer length test by Tepfers et al. (15) is considered to further
demonstrate the predictive capabilities of the model. Unlike the pull-out tests
Poisson’s effect will increase —o at the interface, an effect that the stress state
dependency of the bond model can potentidly account for. The CFCC is
prestressed to 59 percent of the ultimate load. The axial strain in the concrete was
measured on two opposite faces of the square cross section, on 100 mm intervals
from the ends (to 700 mm from each end). In modeling the specimen, symmetry is
assumed and thus only half of the specimen was modeled. The test was modeled
by initially prescribing the bar loads and a uniaxial prestressin the bar. Under
successive load steps the traction at the end of the bar is reduced to zero. Based
upon the measured strain, Y oung’s modulus for the concrete was estimated to be
20,375 MPa. Figure 8 showsthe simulation and test results. The transfer length in
these tests was defined as the distance from the end at which the full prestress force
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was “transferred into the concrete.” The model predicts that this occurs between
400 to 500 mm from theend. A nomina value of 450 mm differs from the
experimental estimate (400 mm) by about 13 percent.

CONCLUSIONS

The objective of coupling the characterization of longitudinal and radia bond
behavior with an elastoplastic model was to develop a model that had a measure of
generality. The phenomenological nature of the model will generaly requireit to be
recalibrated for “significantly different” FRP bars and tendons; however, using a
previous calibration for a GFRP bar, the model gives acceptable estimates of the
bond strength for several tests of CFCC tendons even though the specimens have
significantly different attributes. Additional validation problems are needed to
define the predictive limits of the model. Nonetheless, the transfer length problem
further demonstrates the potentia application of the model to help predict and
understand the behavior of FRP-reinforced structural components.
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